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DOI: 10.1039/b822954fNear-IR dye sensitized solar cells are very interesting due to their potential applications in
panchromatic cells, semi-transparent windows and in tandem cells. In this work we show the utilization
of axially anchored Si-naphthalocyanine dye in the spectral sensitization of TiO2 nanostructured
photoelectrodes. We report the first successful evaluation of a naphthalocyanine in the production of
sensitized photocurrent with maximum incident photon to current efficiency (IPCE) at l  790 nm.Introduction
Owing to the high photoelectric conversion efficiency of low cost
dye-sensitized nanocrystalline semiconductor solar cells (DSCs),1
a considerable number of organic structures have been designed,
synthesized and studied as molecular sensitizers for photon
harvesting.2–5Devices based on Ru(II) polypyridyl complexes and
TiO2 have attracted wide scientific and technological interest,
because these cells achieve 11.2% validated solar power effi-
ciencies and their stability data indicates, at least, 10 years of use
in outdoor applications.6,7 However, the low molar extinction
coefficient in the far-red/near-IR region limits further improve-
ment in the cells. The optimal sensitizer for the dye-sensitized
solar cell should be panchromatic, that is, it absorbs light in the
widest possible wavelength region.8,9 For example, Bignozzi
et al.10 developed a series of Os polypyridine complexes that are
able to produce conversion of photons to electrons starting at
1100 nm. Also, tricarbocyanine clusters,11 heptamethine–
cyanine12 and croconate dyes13 show extended photocurrent
generation until ~900 nm. Furthermore, near-IR dyes are
particularly interesting due to their potential applications inaDepartamento de Quı´mica, Universidad Nacional de Rı´o Cuarto, Agencia
Postal 3, 5800 Rı´o Cuarto, Argentina. E-mail: lotero@exa.unrc.edu.ar
bPhotovoltaic and Optoelectronic Devices Group, Departament de Fisica,
Universitat Jaume I, 12071 Castello, Spain. E-mail: bisquert@fca.uji.es
Broader context
The continuous increment of energy demand, and the limited ac
environmental problems, drives the development of new materia
important research areas. Solar light absorbed by organic colorants c
when they form part of a new kind of low cost solar energy conve
opment of organic dyes that absorb light in the infrared could im
Ideally, a red/near-IR dye which is transparent over a large region of
while it converts IR solar light into electricity. In addition to directly
work we show the utilization of axially anchored Si-naphthalocya
photoelectrodes. We report the first successful evaluation of a naph
maximum incident photon to current efficiency in the infrared regi
This journal is ª The Royal Society of Chemistry 2009transparent solar cells for windows and tandem cells. Ideally,
a red/near-IR dye which is transparent over a large region of the
visible spectrum would allow visible light to enter to a building;
meanwhile it converts the IR solar irradiation into electricity. In
addition to directly generating power, this also reduces indoors
solar heating. On the other hand, an IR dye that contains an
optical window in the visible region can be used in combination
with an appropriate dye to achieve panchromatic cosensitization
of the oxide semiconductor, increasing the device efficiency, as
has been reported by Nazeeruddin et al.14,15 using organic
sensitizers. Thus, it is very important to find ways to enhance the
DSCs response in the above mentioned wavelength region.
Anthraquinone,16 perylene,17 squaraine,18,19 chlorophyll,
porphyrins and phthalocyanines20–23 dyes, which absorb around
600–700 nm have been used for harvesting light in the red region.
Although several groups have tested porphyrins and phthalo-
cyanines24–28 as sensitizers for wide-bandgap oxide semi-
conductors, with different power conversion efficiencies in the IR
region,29–31 there are very few antecedents for the use of naph-
thalocyanines as light-absorbing dyes in DSCs. Li et al.32
reported the synthesis of peripherally tetra-substituted naph-
thalocyanines, and presented the first evaluation of this class of
dye in a photoelectrochemical solar cell via immobilization on
nanocrystalline TiO2, but they found no or insignificant photo-
current generation. However, naphthalocyanines have relevant
properties: they possess an intense absorption band in the nearcessibility to traditional sources, due to both economical and
ls and devices for solar energy conversion, one of the most
an start a process that culminates in the generation of electricity
rsion device: dye sensitized solar cells. In this frame the devel-
prove cell performance in the construction of smart windows.
the visible spectrum would allow visible light enter to a building
generating power, this also reduces indoor solar heating. In this
nine dye in the spectral sensitization of TiO2 nanostructured
thalocyanine in the production of sensitized photocurrent with
on of the solar spectrum.
Energy Environ. Sci., 2009, 2, 529–534 | 529
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View OnlineIR region (lmax  800 nm, 3  2  105, around 50% larger than
the structurally related phthalocyanine) and excellent stability.
These facts render them attractive for photovoltaic applications.
Naphthalocyanines are also of interest because of the extension
of the p-electron system, compared to phthalocyanines, which
can effectively modify the optical spectra and other electronic
properties such as redox potentials, electrical conductivity,
photoconductivity and catalytic activity.
Furthermore, dye anchoring onto TiO2 surface has been
conducted by several methods, such as covalent bonding, elec-
trostatic and/or hydrophobic interactions.33 Covalent attach-
ment via a carboxyl group is probably the most widely adopted.
However, the stability of this linkage is satisfactory in aqueous
medium only within a certain pH range,34 and in organic solvents
or aqueous/organic mixtures the strength of the linkage could be
even weaker and undergoes a certain degree of dissociation. On
the other hand, owing to the high affinity of the silicon-deriva-
tives with the TiO2 semiconductor surface, and the chemical
inertness of the resultant Si–O bonds, silyl anchoring groups
seem to be good candidates for surface modification of TiO2.
Various studies employing silyl-derivatized polypyridyl metal
complexes have demonstrated the robustness of the silyl linkage
on silica, SnO2, TiO2 and ITO surfaces.
35,36
In this paper we report the utilization of Si–naphthalocyanine
dyes 1 and 2 (Fig. 1) in the spectral sensitization of TiO2 nano-
structured photoelectrodes. The dyes can be axially anchored to
the semiconductor oxide surface, either via the classical
carboxyl–TiO2 surface interaction (dye 2), or through a direct
Si–O–Ti linkage (dye 1). This report is, as far as we are aware, theFig. 1 Structures of the naphthalocyanine dyes.
Fig. 2 Absorption spectra of naphthalocyanine dyes: (a) in DMF solution,
electrode.
530 | Energy Environ. Sci., 2009, 2, 529–534first evaluation of a naphthalocyanine dye in a DSC with
successful production of observable sensitized photocurrent.Results and discussion
The photophysical properties of the dyes were analyzed by
steady-state absorption and emission spectroscopy. The
absorption spectra of 1 and 2 are shown in Fig. 2, in solution and
adsorbed over FTO/TiO2 nanostructured films. As can be
observed, the spectrum of the dyes in solution (Fig. 2a) features
Q-bands at lmax 686 and 770 nm, whereas the B-band appears at
lmax¼ 354 nm. Thus the dyes show strong light absorption in the
UV and near IR regions of the spectrum. The sharp absorption
bands in the Q-band region are assigned to monomer absorption,
and the bands around 500 nm (which become stronger as the dye
concentration increases) could be due to the characteristic face-
to-face dimer or higher order aggregate (H-aggregate), as
reported for structurally related compounds.37,38 It is well known
that in going from phthalocyanine to naphthalocyanine
compounds the HOMO level is destabilized, and in consequence
the Q-bands become red-shifted, meanwhile the LUMO has
a similar energy level. The obtained spectra are in agreement with
experimental and theoretical reports,39 that showed that there is
a small effect on spectra by axial substituents for silicon–naph-
tahlocyanines compounds. However, the Q-bands’ spectral shift
of around 100 nm going from phthalocyanine to naph-
thalocyanine could be useful for extending the response of DSCs.
On the other hand, fluorescence is observed from 1 and 2 in
DMF solution (Fig. 3). Both compounds show emissions in the
Q-band region for excitation in either Q or the B absorption
bands. The excitation spectra of the compounds are similar to
that of the absorption spectra. However, as can be observed from
the excitation spectra, emission from aggregates is minimal,
showing the typical quenching effect when molecular aggregates
are formed in these kind of compounds. The electronic energy
levels are relatively unaltered by changing the axial substituents(1) —; (2) /. (b) Absorption spectrum of (1) adsorbed over FTO/TiO2
This journal is ª The Royal Society of Chemistry 2009
Fig. 3 (a) Excitation (—) and emission (---) spectra in DMF solution of
1 (a) and 2 (b) naphthalocyanine dyes. lex ¼ 710 nm.
Fig. 4 Photocurrent action spectrum, IPCE% (/) of 1 DSC. Electrode
absorption spectrum (—) was added for comparison.
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View Onlineand both compounds have a very small Stokes shift of less than
10 nm. The fluorescent quantum yield (FF) values are high (0.17),
and similar to those observed for silicon–phthalocyanines.40 The
presence of the lighter Si atom in the macrocycle leads to low
rates of inter-system crossing (ISC), efficient fluorescent emission
and a fairly small non-radiative decay constant.
Naphthalocyanine 1 and 2 adsorption onto the semiconductor
produces light-gray coloration of the film. However, the amount
of 2 that remains over electrode surface after solvent rinses is low
(electrode absorbance below 0.07 at Q-band, less than half of
that obtained with 1), indicating inefficient dye harvesting in the
TiO2 semiconductor. This last fact could result from the low
solubility of the dyes in DMF solution used for the adsorption
procedure. Contrarily, 1 was adsorbed in larger amounts,
possibly due to the already mentioned affinity of the silicon-
derivatives for the TiO2 semiconductor surface. The UV–visible
absorption spectrum of compound 1 adsorbed on FTO/TiO2
(Fig. 2b) shows electronic transitions (Q and B bands) broader
and shifted in comparison with those in solution. This may be
caused by the interaction of the dye with the polar surface of the
nanostructured TiO2, as well as the possible formation of
aggregates.
Fig. 4 shows the short circuit photocurrent action spectrum
obtained with a sandwich cell using 1 as light absorbing dye. The
incident monochromatic photon-to-photocurrent efficiencies,
(IPCE)41 closely match the absorption spectrum of the organic
molecule, confirming that photosensitization has successfully
extended the photocurrent response of the electrodes into the IR
region. The small red shift (5 nm) observed between the IPCE
and the absorption spectrum at the Q-band could originate in the
different media that surround the electrode, air and electrolyte.
We observed an intense response in the red part of the spectrum
with maximum IPCE of 17% obtained at Q-band (790 nm).
There are several reasons for this value, which may be linked to
the factors that determine IPCE, namely, the light harvesting
efficiency of the electrode (related to the extinction coefficientThis journal is ª The Royal Society of Chemistry 2009and the amount of adsorbed dye), the charge injection yield (Finj)
from the excited dye to the semiconductor, and the charge
collection efficiency, hc, of the system (IPCE ¼ LHE Finj hc.).41
Taking into account the electrode absorbance at 790 nm the
product Finjhc for the dye at the Q-band is 0.4. This value is
consistent with those reported for axially anchored phthalocya-
nines compounds by Morandeira et al.28 In our case, improve-
ment in the IPCE (and therefore cell efficiency) could be achieved
by peripheral modifications of Si–naphthalocyanines. The
introduction of branched groups (such as terbutyl) allows one to
obtain higher dye solubility, which precludes aggregation and
could increase the effective amount of absorbed dye on the
electrode.
In order to evaluate the energetic feasibility of the sensitization
process, we estimated the oxidation potential of naph-
thalocyanine compounds using differential pulse voltametry
(DPV) in DMF solution. However, due to the low solubility of 2,
we synthesized a more soluble ester derivate of this compound (3,
Fig. 1) for DPV experiments.42 The first oxidation potentials
observed were 0.56 and 0.63 V vs ferrocene/ferrocinium couple
used as the internal reference, for 1 and 3 respectively. With those
values, the oxidation potentials of the dye-excited state (E*ox) can
be estimated by subtracting the excitation energy (1.59 eV,
obtained from absorption and emission spectra) from the redox
potentials of the molecules in the ground state. The energy
analysis shows that both processes, electron injection into TiO2
from dye-excited states and dyes reduction by I/I3
 couple are
exothermic, making possible the DSC operation. It is interesting
to note that Li et al.32 attributed the lack of photocurrent
generation to the inability of iodide to reduce the photogenerated
dye cations, consistent with the dye ground-state oxidation
potential (0.25 V vs Ag/AgCl). However, the Zn–naph-
thalocyanine used by Li et al bears four electron-donating ether
groups and, as was clearly demonstrated for porphyrins,
phthalocyanines and other related dyes,43 peripheral substitution
has a noticeable effect in modulating the electron donor/acceptorEnergy Environ. Sci., 2009, 2, 529–534 | 531
Fig. 5 I–V curve obtained with 1DSC under AM 1.5 G solar simulation
conditions. The inserted shows a photo of the complete cell.
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View Onlinecapabilities. Moreover, the Zn(II) central metal also contributes
to HOMO destabilization, making the dye cation a weaker
reductant.
Fig. 5 shows the current–voltage curve measured for 1–
naphthalocyanine DSC under AM 1.5 G simulated sunlight. The
cell exhibits a short circuit current, open-circuit voltage, fill
factor, and power conversion efficiency of 0.38 mA cm2, 0.47 V,
0.6, and 0.11% respectively (0.12 mA cm2, 0.43 V, 0.6, and
0.03% for 2–naphthalocyanine DSC). To the best of our
knowledge, this result represents the first report of DSCs based
on naphthalocyanine sensitizers. As is shown in the photo insert
Fig. 5, the complete solar cell is nearly transparent in the visible
region; the light brown color is due to the iodide electrolyte. We
believe that these results could start increased interest in the field
of naphthalocyanine-sensitized solar cells for use as photovoltaic
windows that transmit part of the visible light and harvest the
rest in the UV and red/near-IR zone of the solar spectrum.
Conclusion
The capability of axially anchored Si–naphthalocyanine for their
utilization in DSCs has been demonstrated. The cells exhibit
maximum incident photon to current efficiency at l  790 nm.
The electrodes absorbance and IPCE spectra show that there is
little or no dye aggregation over TiO2 surface, demonstrating
that Ti–O–Si axial anchoring is a promising route to the design of
new IR-sensitizing dyes. The results we obtained are fairly
promising and should encourage further studies on DSCs using
axially anchored naphthalocyanine compounds.
Experimental
Naphthalocyanine dyes
The structures of the dyes used are shown in Fig. 1. Bis(succi-
noyl) silicon naphthalocyanine 2 and bis(isovaleroyl) silicon
naphthalocyanine 3 were synthesized following the procedure
previously described with minor modifications.44 A solution of
succinic acid (5 ml, 6 M) was added to 2 ml of 1 (52 mg, 0.066
mmol) in DMF. The solution was refluxed for 40 min and the532 | Energy Environ. Sci., 2009, 2, 529–534reaction mixture quenched by addition of water (until complete
precipitation). The precipitate was centrifuged and the solid was
dried under vacuum, yielding 43 mg (66%) of 2. 1HNMR
(DMSO-d6, TMS) d (ppm) 2.10 (4H), 0.74 (4H), 8.02 (8H),
8.82 (8H), 10.14 (8H). MS-FAB [m/z] 975 [M + H]+ (974.2269
calculated for C56H34N8O8Si). Anal. calcd. C 68.98, H 3.51, N
11.49, found C 68.87, H 3.43, N 11.57. Absorption spectrum lmax
(DMF) (nm) (3, dm3mol1cm1) 347 (134 000), 781 (327 000). In
a similar way, a solution of iso-valeric acid (1 ml, 6 M) was added
to 2 ml of 1 (60 mg, 0.074 mmol) in DMF. The mixture was
treated as described above for 2, giving 44 mg (63%) of 3.
1HNMR (CDCl3, TMS) d (ppm) 0.66 (d, 4H, J ¼ 5.8 Hz),
0.38 (m, 2H), 0.99 (d, 12 H, J ¼ 5.6 Hz), 8.01 (8H), 8.67 (8H),
10.14 (8H). MS-FAB [m/z] 943 [M +H]+ (942.3098 calculated for
C58H42N8O4Si). Anal. calcd. C 73.87, H 4.49, N 11.88, found C
73.76, H 4.38, N 11.97. Absorption spectrum lmax (DMF) (nm)
(3, dm3mol1cm1) 341 (112 000), 801 (352 000). Bis(chloro)
silicon naphthalocyanine 1 was purchased from Aldrich (Mil-
waukee, WI, USA).Cell preparation
Colloidal paste was prepared as follows: 1 : 4 solution of
commercial P25 TiO2 particles (Degussa) and ethanol was stirred
and sonicated two times for a minute. After that we added 0.2 g
of PEG and stirred overnight. To obtain a porous film of
uniform thickness, the following procedure was used. The
colloidal TiO2 suspension was spread onto transparent con-
ducting glass sheets (fluorine-doped tin oxide glass, FTO) using
scotch tape as a spacer. A thin film was obtained by raking off the
excess suspension with a glass rod. After removing the tape and
air-drying, the sample was sintered in air at 450 C for 30 min to
form a transparent TiO2 film electrode. The thickness of the film
was about 7 mm. Dye-coating of the TiO2 film was carried out by
soaking the film in dye-satured dimethylformamide (DMF)
solution, immediately after the high-temperature annealing and
while it was still warm (80 C). The DSC cell was assembled
using a platinized conducting glass and a 50 mm hot melt spacer.
The electrolyte used was 0.5 M LiI / 0.05 M I2 in metox-
ipropionitrile, which was introduced into the cell by holes drilled
in the platinized counter electrode.General
Absorption and fluorescence spectra were recorded on a Shi-
madzu UV-2401PC spectrometer and on a Spex FluoroMax
fluorometer, respectively. Spectra were recorded using 1 cm path
length quartz cells at 25.0  0.5 C. The fluorescence quantum
yield (fF) of naphthalocyanine dyes was calculated by comparing
the area below the corrected emission spectrum with that of ZnPc
as a fluorescence reference. A value of fF ¼ 0.28 for ZnPc in
DMF was calculated by comparison with the fluorescence
spectrum in pyridine using fF¼ 0.30 and taking into account the
refractive index of the solvents (h (DMF)¼ 1.431; h (DMF/water
10% [HCl] ¼ 1.2 mM) ¼ 1.425). The refractive indexes (h) were
measured using an Atago NAR-1T (Tokyo, Japan) refractom-
eter.
Proton nuclear magnetic resonance (1HNMR) spectra were
recorded on a FT-NMR Bruker 200 spectrometer at 200 MHz.This journal is ª The Royal Society of Chemistry 2009
D
ow
nl
oa
de
d 
on
 2
4 
M
ay
 2
01
1
Pu
bl
ish
ed
 o
n 
13
 M
ar
ch
 2
00
9 
on
 h
ttp
://
pu
bs
.rs
c.o
rg
 | d
oi:
10.
103
9/B
822
954
F
View OnlineFAB mass spectra were taken with ZAB-SEQ Micromass
equipment.
Electrochemical characterization of the redox process for the
dyes was acquired with a potentiostat–galvanostat Autolab
(Electrochemical Instruments) using a Pt disc working electrode
of 0.204 cm2 and a Pt counter electrode in a conventional three
compartment Pyrex cell. A freshly prepared Ag/AgCl quasir-
eference electrode was used. The working electrode was cleaned
between each experiment by polishing with 0.3 mm alumina
paste, followed by solvent rinses. Studies were carried out in N2-
degased DMF with 0.1 M tetrabutylammonium perchlorate
(TBAP, Aldrich) as the supporting electrolyte. After each
experiment, ferrocene was added, and the potential axis was
calibrated against the formal potential for ferrocenium/ferrocene
redox.
Photocurrent action spectra were obtained by illumination of
the DSC with monochromatic light obtained from a 75 W high-
pressure Xe lamp (Photon Technology Instrument, PTI) and
a computer controlled PTI high intensity grating mono-
chromator. The incident light intensities at different wavelengths
were measured with a Coherent Laser-Mate Q radiometer
(sensitivity 1 mW).
Photocurrent and voltage were measured using a solar simu-
lator equipped with a 1000W ozone-free Xenon lamp and AM
1.5 G filter (Oriel), where the light intensity was adjusted with an
NREL-calibrated Si solar cell with a KG-5 filter to 1 sunlight
intensity (100 mW cm2).
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